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Abstract
Picker, Jesse. M.S., Department of Chemistry, Wright State University, 2014.
Routes to N-Heterocyle Functionalized Poly (arylene ether sulfone)s
The synthesis of poly(arylene ether sulfone)s, with a pendant aryl iodide, was
achieved via nucleophilic aromatic substitution (NAS) polycondensation of 3-iodo-3’,5’difluoro-diphenylsulfone. The polymer series was subjected to amino acid promoted,
copper catalyzed coupling reactions with various N-heterocycles. The resulting polymers
became crosslinked and insoluble in any organic solvents. The iodo monomer was then
subjected to an amino acid promoted, copper catalyzed coupling reaction with carbazole.
The successful synthesis of 3’-(9-carbazole) 3,5-difluorodiphenylsulfone is reported. A
series of PAES containing a carbazole substituent were synthesized and characterized.
The polymers were characterized by a combination of NMR spectroscopy, SEC, TGA,
DSC, UV-Vis spectroscopy. NMR spectroscopy was used to confirm that the carbazole
monomer was successfully polymerized. SEC was used to find polymer molecular
weights and dispersity. Several polymers in the series showed high thermal stability, and
formed tough flexible films when solution cast from N-methyl pyrrolidinone
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1 INTRODUCTION

1.1 Engineering Thermoplastics
Engineering thermoplastics are not grouped by chemical structure but rather by
the superiority of their physical, mechanical and chemical properties. These materials
differ from thermoset plastics in that they may be molded and, if desired, re-molded
without destroying the performance integrity of the material. This property, along with
an overall good solubility in organic solvents, makes thermoplastics easily processable
and widens the scope of potential fabrication media. Engineering thermoplastics
encompass both amorphous and semi-crystalline polymers, display high thermal glass
transition temperatures (Tg) and high decomposition temperatures (Td). Most are
resistant to harsh chemical environments and show long-term use stability in both inert
and ambient atmospheres. Poly (arylene ether)s, PAEs, are a type of thermoplastic with
superior mechanical and chemical properties. The special properties of this class of
polymer offer the opportunity to modify its structure and create new useful materials.
Several examples of PAEs are given below
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1.2 Poly-(2,6-dimethyl-p-phenylene ether)

Figure 1. Poly(2,6-dimethyl-p-phenylene ether)
The simplest, commercially available PAE is poly-(2,6-dimethyl-p-phenylene
ether), PPO. Its structure includes a highly aromatic backbone which contributes to its
high temperature resistance, tensile strength and impact strength. The structural
regularity of the repeat unit, and its inherent stiffness, result in an amorphous polymer
with a Tg of 215°C.1

Scheme 1. Synthesis of poly(phenylene oxide) via oxidative coupling.
PPO is synthesized by oxidative coupling polymerization and sold commercially
by General Electric, with molecular weights ranging from 25,000 to 60,000 g/mol.2,3
Although high processing temperatures are required, PPO is able to be molded with
precision and thus finds applications as television tuner strips and components in
microwave insulation.4 The polymer is also found in the automotive industry, as
electrical components and in gas separation membranes.5
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1.3 Poly(ether ether ketone)s, PEEK

Figure 2. Poly(ether ether ketone)
PEEK is an engineering thermoplastic, and one in a series which differ in the
amounts and location of ketones and ethers in the polymer backbone. The series includes
polymers such as poly(ether ketone), PEK and poly(ether ether ketone ketone), PEEKK.
All have highly aromatic backbones and display high thermal stability. They are tough,
semicrystalline materials with melt temperatures of up to 381°C for PEK.6 Ether bonds
in the backbone allow for greater flexibility than ketone bonds, and therefore, tensile
strength increases with the increase of ketonic character. This is seen in the lower melt
temperature of PEEK, 343°C compared to PEK.
PEEK materials display good hydrolytic stability, high creep resistance and low
moisture absorption. Applications of these materials include membranes, parts found in
nuclear power plants, oil wells, high-pressure steam valves, and engines with high
operating temperatures.4 PEEK is synthesized by electrophilic aromatic substitution,
EAS, (Friedel-Crafts acylation) or by Nucleophilic aromatic substitution, NAS.
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1.4 Poly(ether imide)s

Figure 3. Poly(ether imide)
Polyimides have very rigid backbones and as a result have high Tg values. These
polymers are difficult to melt process into complex shapes, limiting their commercial
applications. The well known polyimide based on pyromellitic dianhydride (PMDA) and
oxydianiline (ODA) has thermal transitions between 360C and 410C.4 It was desired to
produce polymers which combined the superior physical properties of polyimides with
the melt-processability of other well known polymers such as polyesters and polyamides.
For this purpose, a more flexible backbone was sought. In the 1970's General Electric
developed a dianhydride based on bisphenol-A.7 Polymerization of the dianydride
incorporates more flexible ether linkages into the backbone of the polymer, lowering the
temperature of the thermal transitions. Poly(ether imide)s, PEIs synthesized from this
dianydride retain many of the desired properties of polyimides while being easier to meltprocess.
PEIs find many different applications in areas such as food service, reflectors for
lighting, fluid handling, electrical wire coatings and as automobile components. Resins
of PEI are known to absorb ultraviolet (UV) light although this is often detrimental to the
integrity of the material during long-time exposure. However, PEIs have shown
excellent resistance to ionizing radiation, even gamma rays.
4

1.5 Poly(arylene ether sulfone)s
Poly(arylene ether sulfone)s, PAES, are a class of amorphous polymers with high
strength and stiffness, long-term use stability, and excellent resistance to acids, bases,
hydrolysis and oxidation. The first commercially available PAES was introduced by
Union Carbide Corp. in 1965 and had the following repeat structure:

Figure 4. Poly(arylene ether sulfone)
It was synthesized by the nucleophilic polycondensation of bisphenol A and 4,4’dichlorodiphenylsulfone, a process which is still employed today by the producers of the
polymer. The polymer showed great thermal stability, with a Tg of 190°C.5 In the
1980's, Imperial Chemical Industries introduced the second commercially important
sulfone polymer, poly(ether sulfone), PES.

Figure 5. Poly(ether sulfone)
PES may be synthesized by the polycondensation of 4,4'-dichlorodiphenylsulfone and
4,4'-dihydroxydiphenylsulfone. This polymer displays a higher Tg (220C) than PAES
owing to its greater sulfone content in the backbone.5
By changing the components in the backbone of polysulfone, thermal properties
can be tailored. Due also in part to their ease of melt fabrication and inherent
5

transparency, the ability to cast thin films is an attractive attribute when considering the
potential modification of the polymer. Therefore, the functionalization of PAES with
chromophores, and the casting of thin films for use as organic light-emitting diodes will
be investigated in this thesis.
1.6 Synthesis of PAEs by meta-activated nucleophilic aromatic substitution.
While a variety of methods for the synthesis of PAEs are available, typically
synthesis is carried out by nucleophilic aromatic displacement of dihalides with
bisphenols or bisphenates.8 Dihalide monomers typically contain electron withdrawing
groups located in the ortho or para position relative to the halide leaving group. Ketones
and sulfones are two examples of commonly encountered EWG. The EWG serves a dual
purpose. First, it activates the ipso carbon for NAS by decreasing the electron density at
the site of attack. Second, it stabilizes the anion reaction intermediate, known as a
Meisenheimer complex.

Figure 6. Meisenheimer complex
The rate determining step of NAS is the formation of the Meisenheimer complex.
The substitution reaction rate will increase with stronger electron withdrawing groups
and with better leaving group ability. Although a carbon-fluorine bond is about two
times stronger than a carbon-iodine bond, the difference in electronegativity and atom
6

size makes fluorine the better halogen leaving group. Fluorine’s greater electronegativity
creates a stronger partial positive charge on the ipso carbon and a better stabilization of
the anionic intermediate. This effect is also suitable enough to facilitate NAS in the meta
position when combined with a sufficiently strong EWG.
In 2003 Kricheldorf et al reported the polycondensation of 3,5difluorobenzonitrile with bisphenol A. Although they were unable to obtain molecular
weights of greater than 10,000 Da, this was an early example of NAS activation by a
strong EWG in the meta position.9 This approach allows for a truly pendant moiety
which is not itself a component of the backbone of the polymer. Our group has utilized
this strategy to synthesis high molecular weight polymers with various pendent functional
groups. Activation towards NAS is achieved using both strong EWG such as sulfones
and ketones as well as weaker EWG such as benzoxazole and benzothiazole.10-15
1.7 The Functional Monomer Approach and Post Polymerization Functionalization.
The introduction of functional groups into a polymer matrix will alter the physical
and chemical properties of the polymer. In the current project this can be achieved with
one of two methods, by a pre-functionalized monomer approach (“pre”) or by post
polymerization functionalization (“post”). A general scheme to illustrate the difference
between these processes is given below.
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Scheme 2. Polymer modification by “pre” and “post” functional group introduction.

By using the “pre” approach, a greater level of control over the number and
placement of functional groups is gained. However, functional groups introduced at the
monomer stage must be able to withstand polymerization reaction conditions. When a
desired functional group is not well suited to withstand polymerization conditions, a postpolymerization functionalization approach is necessary. The introduction of an inactive
functional group which is stable to NAS conditions, such as iodide, at the monomer stage
can provide a site for further functionalization once polymerized. Several examples of
reactions involving aryl-iodides are illustrated below. In our group Mehmet et al
demonstrated “post” functionalization, using the iodo-containing system, by successfully
applying Suzuki-Miyaura and Heck reactions.16
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Scheme 3. Examples of post modification reactions of aryl-iodides.
1.8 What are OLEDs and why an interest in OLED devices?
Organic light-emitting diodes (OLEDs) are a class of materials with self-emitting
properties. That is, they require no background light to operate. Instead, light is
produced through the conversion of electrical current. This effect is referred to as
electroluminescence and many organic materials are known to exhibit this property. In
fact, an extensive array of organic electroluminescent complexes has already been
discovered.17-19
On average, the emitting layer of an OLED has a thickness that is about a
thousand times thinner than a human hair, or about 100-200 nm.20 Compared to the best
inorganic light emitting devices, OLEDs are significantly more efficient, show
comparable illumination, fast response times, wide viewing angles, are light weight and
9

consume less energy.21 Although OLED technology has many advantages over other
types of LED technology, several challenges have prevented their widespread use.
Currently, their long-time stability is unsatisfactory. Advances in the encapsulation of
OLED materials have allowed some small scale commercial use despite long-time
stability issues. For large scale applications such as television, methods of production are
still cutting-edge.
In 2008, Sony introduced an OLED television.50 This was significant in the
television market at the time because OLED technology was only used in small scale
applications such as mobile phones and portable music players like mp3 players. The
technical challenge in the manufacturing of large screen OLED televisions has resulted in
a high cost of production and thus, resulted in some big names in the electronics industry
backing out of the OLED TV market.22 In December of 2013, television makers Sony
and Panasonic announced their exit from the market and in May of 2014, Samsung
announced the suspension of plans to build a new OLED production facility.22
Before Samsung's announcement in 2014, however, they released a 55-inch
OLED television at a price of $9000, a price which reflects the high cost of production.
However, the television received a high product review from Digital Trends, where they
called it “the best-looking TV we’ve ever seen. Ever.”22 Even though the television
market is primed for new, sustainable OLED technology, other industries are moving
forward with development.
Besides display applications, OLED technology is being applied for generalpurpose illumination such as back-lighting, industrial and architectural lighting, vehicular
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lighting and signage.20 These applications do not require the same intense production
procedures which large scale displays must utilize. Therefore, solid-state lighting is
becoming a very promising application. OLED devices in these applications are cheap,
efficient, aesthetically pleasing and easy to architecturally incorporate. The market is
also always looking for new OLED technology and the future looks bright. Revenue
forecasts show exponential growth expected to reach upwards of $5.5 Billion by 2015.23
1.9 Device Construction

Figure 7. PLED in sandwich configuration.
Polymer Light-Emitting Diodes (PLED) are devices constructed with polymer
films, usually cast from conjugated semiconducting polymers, which act as the emitting
layer in an organic light-emitting diode device (OLED). PLED devices rely on several
precise components to operate effectively. A thin film prepared from a semiconducting,
electroluminescent polymer is sandwiched between two charge injection contact
electrodes in the final product. Typically a device begins on a substrate of glass or on a
partially coated transparent electrode such as indium-tin-oxide (ITO). The substrate layer
is first coated with a buffer layer, typically cast from doped conjugated polymers through
solution processing. This buffer layer serves several important purposes.
The surface of ITO is rough, causing difficulty in achieving consistent contact
with the EL polymer layer. The casting of a thin buffer layer smoothes the anode surface
11

and prevents the possibility of short-circuiting due to sharp spikes on the ITO surface. It
also facilitates hole injection at the polymeric anode by matching the HOMO level of the
EL polymer and acts as a barrier, preventing inorganic atoms in the ITO layer from
leaking into the EL polymer layer. Finally, the device is completed with the deposition
of a low-work function cathode material such as calcium.
The PLED device design is significantly simpler than devices based on small
molecule organic light emitting diodes (SMOLED). These devices may contain as many
as nine layers. Sandwiched between anode and cathode are electron and hole injection
layers, electron and hole transport layers, electron and hole blocking layers and finally
the light emission layer.20 The potential for a single layer, which can act as the hole and
electron transporter as well as the emitting layer itself, is an attractive proposition. The
system described in this thesis may offer such a possibility.

1.10 Fluorescence, Bandgap and Quantum Efficiency.
Luminescence is a general term to describe the processes which lead to the
emission of light. The emission of light is always associated with an input of some type
of energy. Differences in luminescence are distinguished by the type of energy involved;
Bioluminescence from biological processes, radioluminescence from radioactive
particles, chemiluminescence from chemical reactions and photoluminescence from ultraviolet photons. Fluorescence is a type of photoluminescence first discovered in the 16th
century.24
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Fluorescence occurs when a molecule absorbs a photon of UV radiation,
undergoes a transition to an excited electronic state and subsequently returns to the
electronic ground state, releasing a photon of light in the process. The transition occurs
when an electron is promoted to an orbital of higher energy. Two important types of
transitions which occur in organic molecules are denoted as n→π* and π→π* transitions.
n→π* transitions occur when one of the lone pair electrons on a heteroatom such as
oxygen or nitrogen is excited to the π* non-bonding orbital. Subsequently, π→π*
transitions occur when one electron from a π bonding orbital is excited to the π* nonbonding orbital. In either case excited electrons finish in anti-bonding orbitals and can
relax, if certain criteria are met, by returning to the electronic ground state.
The energy difference between an excited state and ground state is known as the
bandgap. The energy of the emitted photon can be roughly estimated using the equation
below.
hν = Ee – Eg ≈ ΔE
The difference between the excited state and the ground state in organic semiconductors
is essentially the energy difference between the Lowest Unoccupied Molecular Orbital
(LUMO) and the Highest Occupied Molecular Orbital (HOMO). The bandgap in an
organic semiconductor is usually narrow, on the order of 1-4 eV.20 Because delocalized π
orbitals account for the organic molecules’ optoelectronic properties, such as light
absorption and emission, charge carrier generation and transport, changes in the π system
cause changes in bandgap energies. With an increase in electron delocalization, as seen
with longer conjugated systems, a decrease in bandgap is observed.
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The efficiency of organic fluorescence depends upon factors such as structure,
rigidity and planar or non-planar orientation. These factors can influence how an excited
state relaxes. Instead of returning to the ground state by the emission of light, a
radiationless transfer of energy can occur in the form of vibrational relaxation, rotational
relaxation and external quenching. For every excited state which relaxes by means other
than from excited electronic states to ground electronic states, the efficiency of the
fluorescence is deteriorated. Rigid, planar molecules are much less likely to reach
excited vibrational and rotational states resulting in more electronic relaxation and, thus,
more efficient emission of light. The efficiency of fluorescence is quantified by means of
the quantum yield, or fluorescence efficiency, denoted as φf and defined as the intensity of
fluorescence per intensity of absorption.
All types of luminescence require molecules to be raised into an excited electronic
state before the emission of radiation can occur. Fluorescence is distinguishable from
other forms of photoluminescence by the amount of time a molecule stays in the excited
state. After excitation, the time spent in the excited state is on the order of 10-8s.24 While
this is essentially an immediate return to the ground state after excitation, it is a much
longer process than other transitions on the molecular scale.
The time for transitions between electronic states lasts about 10-15 s. Molecular
vibrations have a time period of about 10-14 s. The time period for molecular rotations is
about 10-11 s and the average time between collisions for molecules in the liquid phase at
room temperature is about 10-12 s. 24 Because the time spent in an electronic excited state
is orders of magnitude longer than the time period for vibrational and rotational
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relaxation and external quenching, these transitions are more likely to occur if they are
not controlled by the chemical characteristics discussed above.
1.11 A History of Organic electroluminescent materials and early devices.

Figure 8. Anthracene
In the 1960’s, it was discovered that anthracene displayed electroluminescent
properties.25 It was the first time electroluminescence was reported in an organic crystal.
The highly conjugated polycyclic molecule absorbs strongly at 350 nm. When excited at
this wavelength, anthracene emits at five distinct wavelengths, with the strongest
emission occurring at 396 nm.26 A strong emission also occurs at 446 nm, giving
anthracene a blue hue. Although the discovery of the electroluminescent properties of
anthracene was promising at the time, devices fabricated with anthracene required a drive
voltage of 400V to obtain visible blue emission.27 Nevertheless, the prospect of LED
devices based entirely on organic material fueled the push for more efficient devices.
In the 1980’s OLED devices were developed with drive voltages as low as 2.5V
and showed high brightness of over 1000 cd/m2.28 These devices utilized a doublelayered structure of organic thin films prepared by vacuum deposition. They combined a
diamine layer composed of TAPC for hole injection (Figure 9), an indium-tin-oxide
layer for efficient charge injection and the fluorescent metal chelate complex Alq3.

15

Figure 9. 1,1-bis((di-4-tolylamino)phenyl)cyclohexane (TAPC)

The use of a diamine layer, such as TAPC, for hole injection, was shown to
significantly lower the drive voltage in these devices. Later studies showed that doping of
the Alq3 layer with organic luminescent dyes resulted in an increase in quantum
efficiencies.29 It was discovered in the 1990’s that the use of phosphorescent dyes as
doping agents increased energy transfer efficiencies to greater than 90%.30
However, many organic luminescent dyes display broad spectra and as a result,
appear as dull colors. While the greater efficiencies were appreciated, dull luminescent
colors are not suitable for actual display applications. As the development of devices
using organic dyes expanded, attempts were made to sharpen the perceived colors of
these materials.
Developed in the 1990’s were devices based on lanthanide elements such as
terbium.31, 32 The terbium ion (Tb3+) exhibits green photoluminescence with sharp
spectral bands. The emission spectra from electroluminescent cells containing films
doped with Tb(acac)3 peak strongly and narrowly at 544 nm, a deep green color.33 It has
been used as a dopant in inorganic thin film electroluminescent devices due to this
property.
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Organic electroluminescent devices fabricated with terbium ion-doped films not
only showed sharp luminescent bands, high efficiencies were observed as well.33 At a
current density of 0.4 mA/cm2, these devices displayed luminescent efficiencies of 7
cd/m2. However, the stability of these devices was highly dependent on the atmosphere.
Lifetimes of up to 100 hrs were observed under an argon atmosphere at liquid nitrogen
temperature. Unfortunately, when operated under an ambient atmosphere at room
temperature, lifetimes of only a few minutes were reported.
As the search for suitable electroluminescent materials continues, inevitably the
focus has turned to polymeric materials. Polymeric materials are being studied as
possible host materials due to their stability and chemical versatility. Developed
concurrently with the devices described above were devices based on polymeric
materials, namely highly conjugated polymers.
1.12 Conjugated Light-Emitting Polymers

Figure 10. Poly(p-phenylene vinylene)
Conjugated polymers such as poly(p-phenylene vinylene) PPV, and its
derivatives, are organic semiconductors. They are interesting materials because they
combine the electrical and optical properties of semiconductors with the mechanical
strength and processability of polymers. The electronic properties of conjugated
polymers separate them from their saturated counterparts, which are electronically
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insulating. Saturated polymers such as polyethylene contain only sp3 hybridized
molecular orbitals on each carbon atom in the backbone.
In a polymer with a conjugated backbone such as polyacetylene carbon atoms in
the backbone are in the sp2pz configuration. This configuration allows one unpaired
electron per carbon atom, the π electron, which resides in the pz orbital. Because the pz
molecular orbitals on successive carbon atoms overlap, the formation of delocalized π
bands occurs. Conjugated polymers, as a result, exhibit semiconducting or metallic
properties depending on the fullness of the π bands. When conjugated polymers are used
in electroluminescent applications, excitons are formed when electrons and holes are
injected from opposite electrodes. The recombination of these excitons results in the
emitting of light. As a result of their excellent conducting properties, conjugated
polymers are commonly used as buffer layers in OLED devices.
After conversion from precursors to conjugated form, PPV is insoluble in any
organic solvent. The addition of alkoxy groups at the 2 and 5 position of the phenyl ring
alters the properties of PPV in two ways. First, it alters solubility properties, allowing
PPV to be soluble in most organic solvents. Secondly, the addition of alkoxy groups
reduces the band gap energy and shifts the emission wavelength to higher wavelengths.34
An example of an alkoxy-substituted PPV is shown in Figure 11.

18

Figure 11. Alkoxy-substituted PPV
1.13 Carbazole-Containing Fluorescent Materials

Figure 12. Carbazole
Carbazole is a tricyclic, aromatic heterocyclic compound known to exhibit
excellent photoconductive and charge-transporting properties.35 It is an inexpensive raw
material collected by coal-tar distillation. The use of carbazole in organic
electroluminescence comes with several advantages. Carbazolyl groups can form
relatively stable radical cations, they exhibit high charge carrier mobilities, can easily be
functionalized to tailor properties and exhibit high thermal and photochemical
stabilities.35 Several examples of carbazole containing materials are given below.
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1.14 Carbazole-Containing Polymers

Figure 13. Poly(N-vinyl carbazole)
The excellent photoconductive properties of carbazole-containing polymers put
them among the most studied optoelectronic polymers. The discovery of the
photoconductive behavior of poly(N-vinyl carbazole), PVK, in 1957 by Helmut Hoegl et
al was the first example of a polymer with photoconductive behavior described in the
literature.36 They established that PVK showed high enough levels of photoconductivity
to be useful in practical applications like electrophotography.37 Polymers based on PVK
have been commercialized in devices such as photocopiers, laser printers and holographic
security stamps.
Carbazole may be found as a component of the backbone of the polymer, or as a
pendent functional group. Some examples of carbazole homopolymers are given below.
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Figure 1. Poly(N-decane-3,3’-carbazolyl) and Poly(3,9-carbazole)
Poly(N-decane-3,3’-carbazolyl) has good solubility in common organic solvents
and shows good film making capabilities as well as high thermal stability.38 The polymer
in solution displayed photoluminescence around 435 nm, while in the film phase the
photoluminescence is red-shifted to greater than 500 nm.38 Similarly, poly(3,9carbazole) has the ability to form glass films with high thermal stability although it is
synthesized in low molecular weights of less than 10,000 Da. This polymer shows a
nearly 100 nm range of fluorescence from approximately 400-500 nm with good
intensity.39 Both polymers are completely amorphous and are representative of the
thermal and luminescence properties of conjugated polymers containing carbazole as a
component in the polymer backbone.
Carbazole is also commonly found as a pendent group, or not directly as a
component in the backbone of the polymer. While polymers based on PVK were
previously found in applications such as photocopiers and laser printers, the discovery of
a suitable polymer additive for electron injection opened the door to the use of PVK in
electroluminescent devices. In 1983 Partridge described the first application of PVK in
an electroluminescent device.40 Although blue electroluminescence was reported, this
was due to molecular fluorescent dyes incorporated into the polymer matrix. Because of
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the inherent stiffness in the backbone of PVK and its corresponding high Tg, adhesion to
metal substrates was found to be poor. However, by adding flexibility to the backbone of
the polymer in the form of an ether bond, both processibility and metal adhesion might be
improved while retaining excellent semiconductive properties. The resulting polymer
was significant in the advancement of PVK-based semiconductive polymers.

Figure 15. Poly(N-epoxypropyl carbazole)
In 1976, poly(N-epoxypropyl carbazole), PEPK, was introduced as a
photosensitive polymer with molecular weights between 1500-2000 Da and a Tg between
50-55C.41 The polymer avoids the solubility problems presented by some conjugated
polymers, showing good solubility in aromatic hydrocarbons, ketones and halogenated
hydrocarbons. The ability to cast thin films onto metal substrates with good adhesion
properties was established. The luminescence maxima of pure PEPK appear at four
distinct wavelengths in the indigo/violet-shifted region at 373, 387, 410 and 435 nm.41
It's clear that the introduction of a chromophore into a polymer matrix without the need
for fluorescent dyes is a desirable condition. Donor-π-acceptor type systems containing
carbazole are an interesting moiety to consider in this endeavor.
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1.15 Donor-π-Acceptor Structured Bipolar Fluorophores
In 2012, fluorescent systems containing electron-donating moieties in conjugation
with electron-withdrawing moieties were introduced by Q. Zhang et al.42 The molecular
structures of these systems were composed of diphenyl amine, substituted diphenyl amine
and substituted carbazole components in conjugation with sulfone. They represent a
class of materials known as donor-π-acceptor type fluorophores. The structures of the
compounds reported in 2012 are shown below in Figure 16.

Figure 16. Sulfone-based Donor-π-Acceptor type fluorophores.
All three compounds show strong emission in solution with maxima in the range
of 402-419 nm. The broad and structureless emission bands of these systems are
attributed to an intramolecular charge-transfer transition primarily credited to their
dipolar nature. Films doped with these additives show high fluorescent quantum yields
and possess efficient bipolar charge-transporting properties.42 Their excellent chargetransporting properties can simplify OLED devices by facilitating hole and electron
injection.42
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In 2013, Jun Ye et al introduced a similar carbazole/sulfone bipolar fluorophore,
in which the π-conjugation was extended.43 The structures of these materials are shown in
Figure 17.

Figure 17. Fully conjugated system and system with π-conjugation breaking feature.
The two structures differ in one important aspect, the point of attachment to the
diphenylsulfone group. The first structure is in full conjugation from the EDG to the
EWG. The second structure removes a phenyl linkage from conjugation with the sulfone.
The tetrahedral sulfone group also acts to restrict π conjugation within the molecule.
While large π conjugated systems, such as conjugated polymers, give highly emissive ππ* transitions, many times these transitions do not result in the emission of blue-violet
wavelengths.
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To obtain blue or blue-violet light, π conjugation should be strictly confined
within the molecule. This effectively controls the bandgap energy and subsequently, can
allow the tailoring of emission wavelength dependent somewhat on the length of
conjugation. By changing the electron-donating and –withdrawing components, one may
also change the bandgap energy associated with excited intramolecular charge-transfer
states. The use of a relatively mild EDG such as carbazole allows for a relatively weak
intramolecular charge transfer state, desirable for generating short-wavelength
emission.27 Both compounds in Figure 17 display highly efficient blue and blue-violet
emission independently. That is, they are not added as an emission component into a
host material and they do not require a dopant to affect their emission properties.
1.16 Ullmann-Type Carbon-Nitrogen Bond-Forming Reactions
An Ullmann reaction, sometimes called Ullmann coupling, is a carbon-carbon
bond-forming reaction between aryl halides in the presence of a copper catalyst. This
type of coupling was introduced by the German chemist Fritz Ullmann in 1903.44 In
1906, Irma Goldberg introduced a method for the coupling of aryl halides with aryl
amines and anilines in the presence of a copper catalyst.45 This reaction became known
as the Goldberg reaction.
These reactions were typically carried out at high temperatures which many
functional groups could not withstand. Palladium-catalyzed methods for carbon-nitrogen
formation have been utilized to lower reaction temperatures in many cases to below
100°C, and to allow more sterically encumbered reactions to take place.46 However,
palladium-catalyzed reactions require phosphine ligands and lead to waste disposal
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problems in industrial scale applications. In 2005, Hui Zhang et al introduced a mild
copper iodide-catalyzed carbon-nitrogen bond forming reaction between aryl halides and
amines or nitrogen-containing heterocycles utilizing amino acid ligands.47 The general
scheme for this reaction is shown in Scheme 4.

Scheme 4. Amino acid promoted, CuI-catalyzed C-N bond forming reaction.
The authors reported the successful coupling of an aryl iodide with carbazole in a yield of
93%, shown in Scheme 5.47

Scheme 5. Copper catalyzed coupling of carbazole with p-methoxy-iodobenzene.
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1.17 A Plausible Mechanism for CuI-catalyzed C-N bond forming.

Scheme 6. Proposed mechanism for CuI-catalyzed C-N bond formation.
The copper-catalyzed Goldberg reaction is thought to occur by oxidative additionreductive elimination.48 The first step in the reaction is the insertion of copper into the
carbon-halogen bond by oxidative addition. The introduction of a primary or secondary
amine in basic conditions results in the coordination of the amine with the copper center
and the release of anionic halide. Finally, the carbon-nitrogen bond is formed by
reductive elimination.
It is well known that copper ions can form chelates with amino acids through the
carboxyl and amino groups on amino acids.49 The effect of the amino acid is to stabilize
oxidative intermediates and thus promote the coupling reaction. Sterically hindered
amines are not well suited for a small metal catalyst such as copper. Electron-deficient
aryl halides display better reactivity over electron-rich aryl halides. The nucleophilicity
of the amine must also be taken into consideration. Better nucleophiles are more reactive
towards the partial positive copper center.
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1.18 Current Work.
Poly(arylene ether sulfone)s are excellent candidates for functionalization due to
their superior thermal, physical and chemical properties. Commercially available PAES
are synthesized by nucleophilic polycondensation of 4,4’-difluorodiphenyl sulfone
(DFDPS) with a 4,4’-bisphenol such as bisphenol A. As a result of the use of 4’4substituted dihalides and diphenols, a linear polymer with all monomer components in
the backbone is formed. If one desires to functionalize this engineering thermoplastic,
functional groups inevitably are placed on the backbone itself. This has several
disadvantages. Functional groups must be positioned ortho to some component in the
backbone as shown in Figure 18.

Figure 18. Backbone substituted PAES
The functional groups on the backbone of the polymer are now in a sterically
hindered position with decreased access. Also, altering the composition of the backbone
of the polymer can drastically and undesirably change the thermal properties. Our group
has reported the synthesis of a stereoisomer of DFDPS, 3,5-DFDPS, to overcome this
disadvantage.10 A functionalized and polymerized version of this monomer is shown in
Figure 19.
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Figure 19. Functionalized and polymerized 3,5-DFDPS.
This approach allows for the introduction of functional groups without directly
altering the backbone of the polymer. The functional group is now more accessible when
situated on a truly pendent group which is not a component of the backbone of the
polymer. Furthermore, depending on the identity of X, chemistry can now be done at the
monomer stage or during post-polymerization functionalization.
Since iodo groups show little reactivity in NAS reactions, the introduction of a
halide to the pendent moiety at the monomer stage provides a site for further
functionalization (Scheme 7).

Scheme 7. Synthesis of iodo monomer (2).
Iodo groups have been chosen as an appropriate halide and will be installed using
EAS, which should place them at the meta-position on the bottom ring of the pendent
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group. Once iodinated, the monomer will be polymerized as a component in a series of
PAES of varying composition to demonstrate control of the number and placement of
functional groups (Scheme 8). The co-monomers will be 4,4’-DFDPS with Bisphenol-A
serving as the nucleophilic reaction partner. These polymers will be fully characterized
and then subjected to further functionalization.

2

4a-4d

Scheme 8. Copolymer Synthesis of iodo monomer (2).

1.19 Carbazole/Sulfone Based Donor-π-Acceptor Pendent Groups.

2
Scheme 9. Copper-catalyzed reaction of iodo monomer (2) with N-heterocycles.
At the monomer stage, iodinated 3,5-DFDPS will be subjected to a coppercatalyzed C-N bond forming reaction with carbazole and other nitrogen-containing
heterocycles (Scheme 9). Once synthesized, the monomers will be characterized by UV30

vis spectroscopy and fluorescence spectroscopy. Monomers will be polymerized as a
component in PAES-based homopolymers and copolymers. The resulting polymers are
expected to contain truly pendent N-heterocycle/sulfone bipolar fluorophores. Once
synthesized, their characterization will include absorbance and fluorescence in solution
and in the film phase, thermal analysis, NMR spectroscopy, SEC and solubility profiles.
The desired, fluorophore-containing PAES are expected to retain the high thermal
stability of traditional PAES. The ability to cast thin, smooth, transparent, flat films is
analyzed with respect to changes in the concentration of 3,5 fluorophore monomer.
Changes in the luminescence properties with varying degrees of EDG are explored in
monomers and polymers. Finally, the development of a new blue fluorescent material
with thermal stability, ease of processing, strong emission and long use lifetime is
expected as a result of this research.
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2.

EXPERIMENTAL

2.1 Instrumentation.
1

H and 13H Nuclear Magnetic Resonance (NMR) spectra were acquired using a

Bruker AVANCE 300 MHz instrument operating at 300-, and 75.5 MHz, respectively.
Samples were dissolved in CDCl3 at a concentration of (~ 30 mg/ 0.6 mL). GC/MS
analyses were performed using a Hewlett-Packard (HP) 6890 Series GC and an HP 5973
Mass Selective Detector/Quadrupole system. DSC and TGA analysis were carried out on
TA Instruments DSC Q200 (under nitrogen) and TGA Q500 (under nitrogen or air),
respectively, at a heating rate of 10°C/min. Size Exclusion Chromatography (SEC)
analysis was performed using a system consisting of a Viscotek Model 270 Dual Detector
(viscometer and light scattering) and a Viscotek Model VE3580 refractive index detector.
Two Polymer Laboratories 5 µm PL gel Mixed C columns (heated to 35°C) were used
with tetrahydrofuran/5% (v/v) acetic acid as the eluent and a GPC max VE-2001 with
pump operating at 1.0 mL/minute. Number average molecular weights, Mn, and the
dipersity was determined with the RI signal (calibrated with polystyrene standards from
Scientific Polymer Product, INC.). UV-Vis absorbances were obtained using a Varian
Cary 50 Spectrophotometer using a Xenon flash lamp in a dual beam mode with a scan
rate of 4800 nm/min. Solution fluorescence data were obtained using an Agilent
Technologies Cary Eclipse Fluorescence Spectrophotometer. Film phase fluorescence
data was obtained using a Spectroline Model ENF-240C UV lamp at 365 nm as an
excitation source and a Jobin-Yvon 1250M II scanning monochromator with a
Hamamatsu 1P28 P.M.T. at 1000 V, a slit height of 20 mm, a resolution of 0.5 nm/point
and a scan rate of 0.2 seconds per point. Melting points were determined using a MEL32

TEMP apparatus and are uncorrected. Elemental analysis was obtained from Midwest
Microlabs, Inc., Indianapolis, IN.
2.2 Materials
N-Methylpyrrolidinone (NMP) and dimethyl sulfoxide (DMSO) were dried over
CaH2 and distilled under nitrogen prior to use. Reagent-grade anhydrous potassium
carbonate powder (K2CO3) was purchased from Sigma Aldrich Chemical Co. and dried at
130°C in an oven prior to use. Copper iodide 99.999% was purchased from Sigma
Aldrich Chemical Co and extracted with tetrahydrofuran prior to use. N-iodosuccinimide
(NIS) was purchased from Acros Organics and used as received. Carbazole was
purchased from Sigma Aldrich and used as received. L-proline was purchased from
Sigma Aldrich and used as received. Bisphenol-A was purchased from Sigma Aldrich
Chemical Co., recrystallized from toluene, and dried in vacuo prior to use. Bis(4fluorophenyl) sulfone was purchased from Oakwood Products Inc. and used as received.
3,5-difluorodiphenyl sulfone (1) was synthesized according to a previously reported
route.10
2.3 Synthesis of 3’-Iodo 3,5-Difluorodiphenylsulfone (2)
Into a 50 mL RB flask, equipped with a stir bar, were added 5.00 g (19.6 mmol)
of 3,5-difluorodiphenylsulfone (1) and 20 mL of concentrated H2SO4. To the vigorously
stirred solution was slowly added 4.65 g (26.1 mmol) of N-iodosuccinimide (NIS) and
the resulting mixture was allowed to react at room temperature for 12 hours. After 12
hours the reaction mixture was slowly poured into a large excess of water and the
resulting pink solid was isolated via filtration. The solid was redissolved in
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approximately 50 mL of dichloromethane and washed with a dilute sodium bisulfite
solution. The organic layer was dried over MgSO4 and the solvents removed via rotary
evaporation resulting in a yellowish product (6.1 g). The crude product was
recrystallized from isopropanol to afford 4.6 g (62%) of 2 with a melting point of 158159°C. 1H NMR (CDCl3, δ): 7.05 (tt, 1H), 7.28 (t, 1H), 7.48 (m, 2H), 7.91 (ddd, 1H),
7.96 (dt, 1H), 8.27 (t, 1H). 13C NMR (CDCl3, δ): 109.4 (t), 111.4 (d), 94.5 (ArC-I), 127
(s), 131 (s), 136.4 (s), 142.0 (s), 142.9 (s), 144.3 (s), 162.9 (dd). MS (EI): [M+] m/z
calculated for C12H7F2O2SI:, 380.15; found 380.
2.4 Synthesis of 3’-Iodo Diphenylsulfone based homopolymer (4a)
Into a 10 mL RB flask, equipped with a magnetic stir bar, condenser, and gas
inlet, were placed 500 mg (1.32 mmol) of 2, 270 mg (1.19 mmol) of 2,2-bis(4hydroxyphenyl)propane, 545 mg (3.95 mmol) of K2CO3 and 2.1 mL of NMP. The
resulting mixture was stirred at 150°C for 16 hours at which point 30 mg (0.132 mmol) of
2,2-bis(4-hydroxyphenyl)propane was added to the reaction mixture, which was allowed
to react for 7 hours further. The solution was left to cool to room temperature then
diluted with approximately 1 mL of THF. The polymer was isolated by precipitation
from acidic water and filtration to afford a powdery tan precipitate. The solid was
dissolved in THF, precipitated from DI water and collected by filtration. The solid was
dissolved in CHCl3 and precipitated from ethanol, filtered and dried to afford 596 mg
(80%) of 4a as an off-white solid.

13

C NMR (CDCl3, δ): 31.2, 42.6, 94.3 (ArC-I) 111.0,

113.0, 119.1, 126.8, 128.5, 130.8, 136.2, 142.2, 142.9, 143.2, 146.9, 153.2, 159.7
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2.5 General Procedure for Copolymer Synthesis (4b-4d)
A sample copolymer synthesis of 4b is as follows. Into a 10 mL RB flask
equipped with a stir bar, condenser, and nitrogen gas outlet, were placed 430 mg (1.32
mmol) of 2, 335 mg (1.32 mmol) of bis(4-fluorophenyl) sulfone, 541 mg (2.37 mmol) of
2,2-bis(4-hydroxyphenyl)propane, 1.1 g (8.00 mmol) of K2CO3 and 4.1 mL of NMP.
The resulting mixture was stirred at 150°C for 16 hours at which point 63 mg (0.276
mmol) of 2,2-bis(4-hydroxyphenyl)propane was added to the reaction mixture and the
mixture was allowed to react for 7 hours. The solution was left to cool to room
temperature then diluted with approximately 1 mL of THF. The polymer was isolated by
precipitation from acidic water and filtration affording a powdery tan precipitate. The
solid was dissolved in THF, precipitated from DI water and collected by filtration. The
solid was dissolved in CHCl3 and precipitated from ethanol, filtered and dried to afford
1.23 g (90%) of 4b as an off-white solid. 4b 13C NMR (CDCl3, δ): 30.8, 42.0, 94.0,
110.7, 112.9, 117.6, 119.0, 119.8, 126.8, 128.2, 129.6, 130.7, 135.3, 136.0, 142.0, 142.7,
143.4, 146.9, 147.2, 152.7, 153.3, 159.6, 162.2.
All subsequent polymerizations were performed under similar conditions. The
following yields were obtained: 4c (87%) and 4d (79%). All 13C NMR peaks were found
at the same chemical shifts as listed above, at varying intensities depending upon the
initial monomer concentrations.
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2.6 General Procedure for “Post” Polymerization Functionalization
Into a 10 mL RB flask, equipped with a stir bar, condenser and nitrogen gas inlet
were added 200 mg (0.352 mmol) of 4a, 118 mg (0.707 mmol) of 9H-carbazole, 8.00 mg
(12 mol %) of CuI, 10 mg (24 mol %) of L-proline, 175 mg (1.27 mmol) of K2CO3 and 5
mL of DMSO. The resulting mixture was stirred at 90°C for 24 hours. At this point, an
insoluble precipitate was observed and isolated via filtration. The resulting precipitate
was insoluble in any organic solvent, and it was concluded that the reaction had resulted
in the crosslinking of polymer chains. Under the same conditions, “post”
functionalization was attempted using indole and imidazole, which resulted in insoluble
precipitates and crosslinked polymers as well.
2.7 Synthesis of 3’-(9-carbazole) 3,5-Difluorodiphenylsulfone (3)
Into a 25 mL Schlenk flask equipped with a stir bar and nitrogen gas inlet were
added 1.00 g (2.6 mmol) of 2, 879 mg (2.1 mmol) of 9H-carbazole, 60 mg of CuI (12 mol
%), 91 mg of L-proline (30 mol %) and 726 mg (5.3 mmol) of K2CO3. The Schlenk flask
was evacuated and backfilled with nitrogen and 2 mL of DMSO was added. The
resulting mixture was stirred at 90°C for 36 hours at which point GC/MS indicated
quantitative conversion to the desired product. The reaction mixture was diluted with
approximately 50 mL of ethyl acetate, washed with a 5% HCl solution and a saturated
sodium bisulfate solution. The water layers were extracted with approximately 25 mL of
ethyl acetate and the organic layers were combined. The organic layer was dried over
MgSO4 and concentrated via the rotary evaporator to obtain an off-white solid. The
crude material was recrystallized from ethanol/ethyl acetate, filtered and triturated in
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ethanol for 4 hours to afford 550 mg (50%) of 3 with a melting point of 189-190°C. 1H
NMR (CDCl3, δ): 7.08 (tt), 7.40 (m), 7.57 (m), 7.90 (dt), 8.05 (dt), 8.19 (m). 13C NMR
(CDCl3, δ): 109.2 (t), 111.4 (dd), 120.5, 120.9, 123.9, 126.0, 126.1, 126.4, 131.3, 132.0,
139.3, 140.1, 142.4, 144.5 (t), 163.1 (dd). MS (EI): [M+] m/z calculated for
C24H15F2NO2S, 419.4; found 419. Elemental analysis: Calc. Anal. for C24H15F2NO2S: C,
68.72; H, 3.60; Found: C, 68.33; H, 3.72.
2.8 Synthesis of 2,2-bis(4-hydroxyphenyl)propane based homopolymer (5a)
Into a 5 mL RB flask, equipped with a magnetic stir bar, condenser, and gas inlet,
were placed 300 mg (0.72 mmol) of 3, 147 mg (0.64 mmol) of 2,2-bis(4hydroxyphenyl)propane, 296 mg (2.1 mmol) of K2CO3 and 1.1 mL of NMP. The
resulting mixture was stirred at 150°C for 16 hours at which point 17 mg (0.074 mmol) of
2,2-bis(4-hydroxyphenyl)propane was added to the reaction mixture and the mixture was
allowed to react for 7 hours. The solution was left to cool to room temperature then
diluted with approximately 1 mL of THF. The polymer was isolated by precipitation
from acidic water and filtration to afford a powdery tan precipitate. The solid was
dissolved in THF, precipitated from DI water and collected by filtration. The solid was
dissolved in CHCl3 and precipitated from isopropanol, filtered and dried to afford 365 mg
(60%) of 5a as an off-white solid. 1H NMR (CDCl3, δ): 1.60 (s), 6.84 (t), 6.88 (d), 7.15
(d), 7.27 (d), 7.33 (m), 7.73 (m), 7.81 (d), 7.95 (d), 8.11 (m) 13C NMR (CDCl3, δ): 30.85,
42.44, 109.24, 110.98, 112.65, 119.05, 120.55, 120.77, 123.78, 125.92, 126.01, 126.34,
128.43, 131.03, 131.62, 139.0, 140.19, 143.23, 143.48, 146.88, 153.12, 159.86.
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2.9 General Procedure for Copolymer Synthesis (5b-5e)
A sample copolymer synthesis of 5c is as follows. Into a 5 mL RB flask equipped
with a stir bar, condenser, and nitrogen gas outlet, were placed 275 mg (0.656 mmol) of
3, 167 mg (0.399 mmol) of bis(4-fluorophenyl) sulfone, 272 mg (1.19 mmol) of 2,2bis(4-hydroxyphenyl)propane, 545 mg (3.94 mmol) of K2CO3 and 2 mL of NMP. The
resulting mixture was stirred at 150°C for 16 hours at which point 30 mg (0.131 mmol) of
2,2-bis(4-hydroxyphenyl)propane was added to the reaction mixture, which was allowed
to react for 7 hours further. The solution was left to cool to room temperature then
diluted with approximately 1 mL of THF. The polymer was isolated by precipitation
from acidic water and filtration to afford a powdery tan precipitate. The solid was
dissolved in THF, precipitated from DI water and collected by filtration. The solid was
dissolved in CHCl3 and precipitated from isopropanol, filtered and dried to afford 466 mg
(68%) of 5c as an off-white solid. 1H NMR (CDCl3, δ): 1.66 (s), 6.86 (t), 6.95 (m), 7.03
(m), 7.17 (m), 7.30 (m), 7.76 (m), 7.87 (m), 7.99 (m), 8.10 (t), 8.13 (m) 13C NMR
(CDCl3, δ): 31.0, 42.4, 109.4, 111.1, 112.6, 117.7, 119.1, 119.8, 120.6, 120.8, 123.8,
125.9, 126.1, 126.4, 128.5, 129.7, 131.1, 131.7, 135.5, 139.0, 140.3, 143.5, 146.9, 147.2,
152.9, 153.2, 159.8, 162.0.
All subsequent polymerizations were performed under similar conditions. The
following yields were obtained: 5b (72%), 5d (76%) and 5e (74%). All 13C NMR peaks
were found at the same chemical shifts as listed above, at varying intensities depending
upon the initial monomer concentrations.
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2.10 Representative Film Casting Procedure
Membranes were prepared by dissolving the precipitated polymer in NMP to
afford a 10% (w/w) solution, which was filtered with a 0.45 µm Teflon® syringe filter
and cast onto a clean glass microscope slide. The polymer solution was dried in a
vacuum oven at room temperature for 24 hours followed by 5 hours at 120°C. The films
were removed by immersion into DI water and dried in a vacuum oven at room
temperature for 24 hours.
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3.

Results and Discussion

3.1 Synthesis of 3’-iodo 3,5-difluorodiphenylsulfone (2)
The first monomer synthesized was 3,5-difluorodiphenylsulfone (1) using the
procedure previously established by Kaiti et al.13 The iodination of (1) was carried out
via typical electrophilic aromatic substitution using a small excess of NIS (Scheme 10).
The carbon atom which displays the furthest upfield chemical shift in 13C NMR data is
located between the two fluorine atoms on the upper aromatic ring (as the monomer is
oriented in Scheme 10). With this site being the most electron rich, the iodination is
expected to take place at this site. However, this is not observed to take place as
iodination occurs on the bottom, unfluorinated ring in the meta-position relative to the
sulfone directing group. The electrophilic aromatic substitution of iodide is prevented on
the upper ring by the steric effects of the two fluorine atoms. Instead, iodide is forced to
the bottom ring where a more suitable reaction site is located.

Scheme 10. Synthesis of 2 via EAS with NIS.
After the completion of the reaction and the isolation of crude material, GC/MS
analysis showed approximately 95% conversion to mono-iodinated product and
approximately 5% of roughly equal quantities of di-iodinated product and starting
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material. Following a workup procedure, including washing with a 5% sodium bisulfite
solution to remove excess free iodide, and recrystallization from isopropanol, off-white
crystals were obtained with a melting point of 158-159°C. The structure of the monomer
was confirmed by 1H and 13C CPD NMR spectroscopy and GC/MS analysis. The 1H and
13

C CPD NMR spectra of (2) are presented in Figures 20 and 21, respectively.

Figure 20. 300 MHz 1H NMR spectrum (CDCl3) of the iodo monomer (2).

Figure 21. 75 MHz 13C CPD NMR spectrum of the iodo monomer (2).

41

The 13C CPD NMR spectrum of (2) shows some splitting in the signals for the
carbons on the top aromatic ring of the monomer. This is due to carbon-fluorine coupling
and results in carbon a appearing as a triplet, equivalent carbons b appearing as a doublet
of doublets, equivalent carbons c appearing as a doublet of doublets and carbon d
appearing as a triplet. All other carbons in the molecule appear as singlets with the
carbon-iodine resonance g appearing the furthest upfield at 94.5 ppm.
3.2 Polymerization of the Iodo Monomer (2) to form a Series of Iodinated PAES (4a4d)

Scheme 11. Polymerization of the Iodo Monomer (2) to form a Series of Iodinated
PAES (4a-4d).
Polymerization conditions for the iodo monomer (2) were established by Tatli et
al and followed as published.33 The iodinated PAES series (4a-4d) was successfully
synthesized by this method. The ratio of comonomers, molecular weights, system
dispersity and polymer percent yields are shown in Table 1.
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Table 1. Iodinated PAES series (4a-4d) monomer mole ratios, molecular weight,
dispersity and percent yield.
Iodinated
PAES
4a

(2)
1

4,4'DFDPS
0

Bisphenol Mn (g/mol)
A
1
9,538

PDI

% Yield

2.9

80

4b

0.50

0.50

1

13,129

3.0

90

4c

0.25

0.75

1

15,682

2.8

87

4d

0.10

0.90

1

12,814

2.5

79

Despite harsh NAS conditions which included a reaction temperature of 150C
and the strong nucleophile Bisphenol A, it was confirmed by 13C NMR spectroscopy that
the carbon-iodo bond, present at 94.5 ppm, remains intact as shown in Figure 21. With
the carbon-iodine bond carried into the polymer, a site for "post" functionalization was
successfully established. The carbons from the upper aromatic ring of monomer (2),
a,b,c and d, have all collapsed into singlets due to the displacement of fluorine atoms by
bis phenolates, and the subsequent loss of carbon-fluorine coupling. Furthermore, a peak
appearing at 160 ppm shows the newly formed carbon-oxygen bond in the polymer
backbone.
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Figure 22. 75 MHz 13C NMR spectrum of 4a
The synthesis of iodo-containing copolymers allows for the control and location
of functional groups where "post" modification can occur. An overlay of the series of
copolymers including the iodo-homopolymer 4a is shown in Figure 23.
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Figure 23. 13C NMR overlay of the iodo monomer (bottom), iodo homopolymer 4a
(middle) and iodo copolymer 4b (top).
In the iodo homopolymer 4a, signals corresponding to the iodo monomer (2), a-j,
are clearly visible. As the concentration of iodo monomer (2) decreases, so do the
corresponding signals. An appearance of the signals contributing to the sulfone
comonomer is seen with its introduction. The successful synthesis of this series allows
for the introduction of functional groups which would not otherwise survive the
polymerization conditions.
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3.3 Thermal Analysis of Iodo Polymer Series 4a-4d
The thermal properties of polymers 4a-4d were determined via TGA and DSC
analysis. Thermograms resulting from TGA analysis are depicted in Figures 24 and 25.
All polymers in the series show high decomposition temperatures (Td 5%) in both inert and
ambient atmospheres. Under a nitrogen atmosphere, polymer 4a shows the highest Td 5%
at 446C followed by 4b at 416C, 4c at 413C and 4d at 399C. In an ambient
atmosphere the same trend is found with polymer 4a showing the highest Td 5% at 419C
followed by 4b at 414C, 4c at 404C and 4d at 388C.

Figure 24. TGA thermograms of polymer series 4a-4d (under a nitrogen atmosphere).
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Figure 25. TGA thermograms of polymer series 4a-4d (under an ambient atmosphere).
The glass transition temperatures of polymer series 4a-4d were determined by
DSC analysis under a nitrogen atmosphere. An overlay of the DSC traces is shown in
Figure 26. The iodo homopolymer 5a showed the lowest glass transition temperature of
134C, followed by 4b at 159C, 4c at 172C and 4d at 183C. PAES are completely
amorphous polymers and no evidence of crystallization was observed. The inherent
stiffness afforded by the increasing concentration of 4,4'-DFDPS in the polymer
backbone is evident in the DSC traces as seen with an increase in Tg as comonomer
concentration increases.
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Figure 26. DSC traces of polymer series 4a-4d (under nitrogen atmosphere).

3.4 "Post" Functionalization of Iodo Copolymer 4c

Figure 27. N-heterocycle functionalized PAES copolymers.
Three attempts were made to introduce electron-rich N-heterocycles by “post”
functionalization to polymer 4c using a copper-catalyzed carbon-nitrogen bond-forming
Goldberg reaction. An excess of N-heterocycle was used in each reaction, and reaction
temperatures were raised to 100°C due to the absence of fluorine or other competing
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reaction sites in the polymer. After 24 hours reaction time, and in each attempt, an
insoluble precipitate was observed on the bottom of the reaction flask. Once isolated via
filtration, it was discovered that the precipitate was not soluble in any common organic
solvents. It is believed that this is due to the cross-linking of polymer chains through the
bottom ring of the pendent group, at the carbon in which was previously located the
carbon-iodine bond.

3.5 Synthesis of 3’-(9-carbazole) 3,5-Difluorodiphenylsulfone (3)

Scheme 12. Synthesis of 3’-(9-carbazole) 3,5-Difluorodiphenylsulfone (3).
The synthesis of carbazole monomer (3) was carried out by a copper-catalyzed
Goldberg reaction with L-proline as a ligand, potassium carbonate as a base in DMSO at
85C for 36 hours (Scheme 12). Analysis by GC/MS ([M+] m/z = 419) showed
quantitative conversion within 36 hours at the mild reaction temperature of 85C. The
reaction mixture was subjected to a workup which included the removal of copper
catalyst by a 5% HCl solution and removal of carbazole starting material by
recrystallization from ethanol/ethyl acetate followed by trituration in ethanol, in which
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monomer (3) is not soluble, resulting in an off-white powder with a melting point of 189190C. The structure of (3) was confirmed by the 13C NMR spectrum, shown in Figure
28.

Figure 28. 75 MHz 13C NMR spectrum of the carbazole monomer (3).
It is important to note that the carbon-iodine bond, previously present at 94.5
ppm, no longer appears in the spectrum. Instead, the addition of 6 peaks, corresponding
to carbons h, i, j, k, l and m, belonging to the carbazole substituent, are now present in the
spectrum. The replacement of the carbon-iodine bond with a more polar carbon-nitrogen
bond significantly altered the chemical shift of carbon g, deshielding the carbon and
moving the signal downfield. Additionally, the fluorine atoms on the upper ring remain
intact, as can be seen by the appearances of carbons a, b, c and d in the spectrum, having
signals which are still split by coupling with fluorine.
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3.6 Characterization of Carbazole Monomer (3) by UV-Vis and Fluorescence
Spectroscopy.
Carbazole and carbazole monomer (3) both show strong and weak absorbance
peaks in the ultra-violet region, denoted by asterisks and shown in Figures 29 and 30,
respectively. Independently, carbazole, in a dilute THF solution, absorbs at five distinct
wavelengths, 258, a broad region centered at 281, 292, 323 and 336 nm. Similarly,
carbazole monomer shows strong absorbance at three distinct wavelengths, 292, 323 and
336 nm. The strong absorbances in this region are an important component of the
carbazole monomer's (3) fluorescence characteristics, and correspond to the energy
differences between ground and excited electronic and vibrational states.

1.2

Absorbance

1
0.8
0.6
0.4
0.2
0
250

270

290

310

330

Wavelength (nm)
Figure 29. UV-Vis Absorbance Spectrum of Carbazole in THF.
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Figure 30. UV-Vis Absorbance Spectrum of Carbazole Monomer (3) in THF.
When the carbazole monomer (3), in a dilute THF solution, is excited at the three
wavelengths which appear in the absorbance spectrum, three excitation wavelengths are
observed, each peaking at approximately 440 nm as shown in Figure 31. This emission
wavelength is in the visible region of the electromagnetic spectrum and only slightly
indigo-shifted from a true blue color, which is centered at approximately 450 nm.
Although the emission corresponding to the excitation at 292 nm also appears at 440 nm,
it is noticeably less intense than the emission excited by 323 and 336 nm. This could be
due to intersystem-crossing by way of external quenching, as no effort was made to degas
fluorescence solutions.24 The emission which occurs at excitation wavelengths of 323
and 336 nm may result from excited states which cannot undergo intersystem crossing by
external quenching with air, and as a result, are not quenched and show stronger
intensities.
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Figure 31. Fluorescence Emission Spectrum of Carbazole Monomer (3) in THF.
3.7 Solvent Effects on the Emission Spectrum of Carbazole Monomer (3)
The solvent effects in the emission spectrum of carbazole monomer (3) were
investigated using solvents with dielectric constants ranging from non-polar toluene, 2.4,
to polar DMSO, 47, Figure 32. The carbazole monomer (3), in Toluene, THF, Acetone
and DMSO, was excited by the longest wavelength appearing in the absorption spectrum,
336 nm, and resulted in emissions peaking at four distinct wavelengths. As the polarity
of the solvent increases, the emission is shifted to longer wavelengths, which correspond
to lower energy transitions. This is explained by the ability of a solvent to stabilize
excited states. The transition from ground state to excited state usually results in a
significant change in the polarity of the molecule.24 Non- polar toluene would be less
able to stable a polar excited state, and as a result, the overall energy of the excited state
would be high, and the emitted photon of higher energy. Subsequently, a polar solvent,
such as DMSO, would be better able to stabilize a polar excited state, lowering the
overall energy of the excited state and resulting in the release of a lower energy photon.
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A shift to longer wavelength emission is observed as the dielectric constant of the solvent
increases.
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Figure 32. Normalized emission spectrum of carbazole monomer (3), in various solvents,
excited at 336 nm.
The collection of emission data in solvents of various polarities allows for the
prediction of peak emission wavelength when the dielectric constant of a solvent is
known. A log plot of the dielectric constant of the solvents used in Figure 32 versus
peak emission wavelength is shown in Figure 33. The equation presented in Figure 33
may be used to determine a medium (by dielectric constant) which could produce the
desired emission wavelength from carbazole monomer (3). For the emission of true blue
light, 450 nm, a medium with a dielectric constant of approximately 13 would be
required.
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Figure 33. Log plot of dielectric constant versus peak wavelength of emission.

3.8 Polymerization of the Carbazole Monomer (3) to form a Series of Hybrid
Sulfone/Carbazole functionalized PAES (5a-5e)

Scheme 13. Polymerization of carbazole monomer (3).
The polymerization conditions established by Tatli et al were used to successfully
synthesize a series of hybrid sulfone/carbazole functionalized PAES (5a-5e), (Scheme
13).33 Carbazole monomer (3) was copolymerized with 4,4'-DFDPS and bisphenol A
with molar ratios as shown in Table 2.
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Table 2. Carbazole functionalized PAES series (5a-5e) monomer mole ratios, molecular
weight, dispersity and percent yield.
Carbazole
PAES
5a

(3)
1

4,4'DFDPS
0

Bisphenol Mn (g/mol)
A
1
28,025

PDI

% Yield

2.5

60

5b

0.75

0.25

1

23,648

2.8

72

5c

0.50

0.50

1

36,500

2.6

68

5d

0.25

0.75

1

24,122

2.5

76

5e

0.10

0.90

1

22,715

2.7

74

The successful synthesis of the polymer series was confirmed by 13C NMR
spectroscopy, shown in Figure 34.
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Figure 34. 13C NMR overlay of the carbazole monomer (bottom), carbazole
homopolymer 5a (middle) and carbazole copolymer 5c (top).
In the carbazole homopolymer, 5a, the carbons on the top aromatic ring a, b, c
and d have collapsed into singlets due to the substitution of fluorine and the subsequent
loss of carbon-fluorine coupling. The appearance of new peaks in the spectrum u, v, w
and x are attributed to the newly introduced bisphenol-A component. When the carbazole
monomer (3) is copolymerized with 4,4'-DFDPS (5c), the spectrum shows the new,
corresponding peaks q, r, s and t.
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3.9 Solution Phase Absorption and Fluorescence of polymer series (5a-5e)
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Figure 35. Absorption (5a-5e) and Emission (5a, 5b) spectra of carbazole functionalized
PAES series.
The carbazole polymer series 5a-5e show both strong and weak absorbances in
the ultra violet region, with peak absorbances occurring at 323 nm and 336 nm. These
absorbance wavelengths are also present in the carbazole monomer (3), and have been
"carried" into the polymer matrix. As an example of polymer emission in solution,
carbazole polymers 5a and 5b were excited at 336 nm, both showing a peak emission
wavelength of approximately 430 nm (Figure 35).
3.10 Absorption and Fluorescence of Carbazole Polymer Series (5a-5e) Films
Only polymers 5c-5e showed the ability to cast thin, flexible and transparent
films. Polymers 5a and 5b only formed brittle films which cracked very easily upon
removal from the glass slide. UV-Vis absorption data on polymer films 5c-5e were
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unobtainable due to the difficulty in controlling film thickness. To gather fluorescence
data on polymer films 5c-5e, films were “sandwiched” between Pyrex® glass slides,
excited by a Spectroline Model ENF-240C UV lamp operating at 365 nm, situated at a
90° angle from the monochromater slit opening and observed in the region from 350-600
nm. Film fluorescence of polymer 5c is shown in Figure 36 below. The film showed
excellent, intense fluorescence in the region from approximately 370-600 nm and peaking
at approximately 430 nm. Sharp spikes in the trace, marked by an asterisk, arise from
mercury used in the excitation source. In the film phase, excitation by ultra violet light
appears as a blue hue to the naked eye.
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Figure 36. Film phase fluorescence of copolymer 5c.
3.11 Thermal Analysis of Carbazole Polymer Series (5a-5e)
The thermal properties of polymers 5a-5c were determined via TGA and DSC
analysis. Thermograms resulting from TGA analysis are depicted in Figures 37 and 38.
All polymers in the series show high decomposition temperatures (Td 5%) in both inert and

59

ambient atmospheres. Under a nitrogen atmosphere, polymer 5b shows the highest Td 5%
at 473C followed by 5c at 444C, 5a at 440C, 5d at 437C and 5e at 426C. In an
ambient atmosphere a slightly different trend is found with polymer 5b showing the
highest Td 5% at 474C followed by 5c at 458C, 5d at 404C, 5a at 448C and 5e at
422C.

Figure 37. TGA thermograms of carbazole polymer series (CBZ) 5a-5e (under a nitrogen
atmosphere).
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Figure 38. TGA thermograms of carbazole polymer series (CBZ) 5a-5e (under an
ambient atmosphere).
The glass transition temperatures of polymer series 5a-5e were determined by
DSC analysis under a nitrogen atmosphere. An overlay of the DSC traces is shown in
Figure 39. The carbazole homopolymer (CBZ) 5a showed the lowest glass transition
temperature of 167C, followed by 5b at 169C, 5c at 175C, 5d at 181C and 5e at
185C. Carbazole containing PAES are completely amorphous polymers and no
evidence of crystallization was observed. The inherent stiffness afforded by the
increasing concentration of 4,4'-DFDPS in the polymer backbone is evident in the DSC
traces as seen with an increase in Tg as comonomer concentration increases.
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Figure 39. DSC traces of polymer series 5a-5e (under nitrogen atmosphere).
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4.

CONCLUSIONS

The synthesis of iodo monomer (2) and the subsequent polymerization of a
copolymer series were successfully carried out. The structure of the copolymer series
was confirmed by NMR spectroscopy and the series was fully characterized by TGA,
DSC and SEC. The 50% iodo copolymer of the series was subjected to copper-catalyzed
carbon-nitrogen bond forming reactions using the N-heterocycles: carbazole, indole and
imidazole. This “post” polymerization technique was unsuccessful, as crosslinking of the
polymer chains was observed. The “pre” functionalization route was investigated to
synthesize a sulfone/carbazole-functionalized monomer for incorporation into a PAES
homopolymer and copolymers. The synthesis of carbazole monomer (3) was
successfully carried out using an amino acid promoted, copper catalyzed carbon-nitrogen
coupling reaction. The resulting carbazole monomer (3) displayed both weak and strong
absorptions in the ultra-violet region and strong fluorescence characteristics. Solvent
effect studies showed that the wavelength of emission changes with the dielectric
constant of the monomer’s environment. An equation was generated from solvent effect
data which allows for the prediction of emission wavelength with knowledge of the
medium’s dielectric constant or vice versa. Carbazole monomer (3) was successfully
polymerized as a homopolymer, and as a series of copolymers 5a-5e. The structure of
the polymer series was confirmed by NMR. Polymer molecular weights were high, with
the entire series showing molecular weights over 20,000 Da. The polymer series
displayed high thermal stability in both ambient and inert atmospheres. Glass transition
temperatures were also found, ranging from 167°C in homopolymer 5a to 185°C in
copolymer 5e. Carbazole monomer (3) was found to “carry” ultra violet absorption
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characteristics, and the resulting fluorescence emission, into the polymer matrix. The
ability to cast thin, flexible, transparent and fluorescent films was demonstrated from
carbazole copolymers 5c-5e. Film phase fluorescence data showed a broad range of
emission stretching from approximately 370-600 nm. The synthesis of carbazolefunctionalized poly(arylene ether sulfone)s with amino acid-promoted, copper-catalyzed
Ullmann type coupling reactions by "pre" functionalization offers a promising route to Nheterocyle functionalized thin polymer films for use as polymer light-emitting diodes.
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5.

PROPOSED FUTURE WORK

The scope of amino acid promoted, copper catalyzed carbon-nitrogen coupling
reactions is very wide. The methods developed in this thesis can serve as a starting point
for the synthesis of a wide variety of new monomers. The use of new amines should be
investigated, especially N-phenyl-2-napthylamine. This amine is a strongly fluorescent
chromophore independently, and when introduced into a polymer, such as PAES, has the
potential to exhibit high fluorescence efficiency and long lifetime. The use of a “post”
functionalized route should be further investigated to introduce amines which would not
survive polymerization conditions. Finally, the use of other catalysts, such as Pd and Ni,
should be investigated to determine if the limitations of copper catalysts may be
overcome.
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